alveolar damage during acute lung injury. Hypercapnic acidosis and hypocapnic alkalosis are known to modulate ROSmediated lung damage. This study assessed the effects of acid-base balance disturbances on hydrogen peroxide (H 2 O 2 )-induced apoptosis of the AEC-IIlike human cell line A549, which was cultured under different conditions of pH and CO 2 tension (normal pH and CO 2 , hypercapnic acidosis, metabolic acidosis, hypocapnic alkalosis and metabolic alkalosis). H 2 O 2 -induced apoptosis was assessed by a dye-uptake bioassay and induction of caspase activity, which were quantified using analytical digital photomicroscopy. Acidosis or alkalosis of the culture medium alone did not induce A549 cell apoptosis. Hypocapnic alkalosis significantly increased H 2 O 2 -induced apoptosis and caspase activation of A549 cells. Metabolic alkalosis non-significantly increased H 2 O 2 -induced A549 cell apoptosis and caspase activation. These data suggest that hypocapnic alkalosis intensifies oxidative-induced apoptosis of alveolar epithelial cells.
Introduction
Alveolar epithelial type II (AEC-II) cells play an important role in the maintenance of alveolar physiological function and architecture because they secrete surfactant and differentiate into alveolar epithelium type I cells. 1 Acute lung injury is characterized by extensive alveolar epithelial damage associated with apoptosis of AEC-II cells. 2 Reactive oxygen species (ROS) (e.g. superoxide and hydrogen peroxide [H 2 O 2 ]) have been implicated in the apoptotic death of AEC-II cells. 3 In several experiments, hypercapnic acidosis has been shown to provide a protective effect against ROSmediated lung damage, 4,5 whereas hypocapnic alkalosis aggravates acute lung injury induced by ROS. 6 Furthermore, alkalosis and acidosis are known to modulate apoptosis in various cells. 3, 7 These disturbances in the acid-base balance may influence ROS-induced apoptosis of AEC-II cells. To test this hypothesis, we assessed the incidence of H 2 O 2 -induced apoptosis of 
Materials and methods

CEll CulTuRE
Cells of the AEC-II-like human cell line A549 were purchased from the Riken Cell Bank (Tsukuba, Japan) and cultured in Dulbecco's modified Eagle medium (DMEM; Sigma, St Louis, Missouri, USA) with 10% heatinactivated fetal calf serum (Sigma), 50 U/ml penicillin (Invitrogen, Carlsbad, California, USA), 50 µg/ml streptomycin (Invitrogen) and 2.5 µg /ml amphotericin B (Sigma). The cells were cultured in six-well plates at 4 × 10 5 cells/well under normocapnic and neutral pH (20% O 2 , 5% CO 2 ) conditions for 20 h at 37 °C until they were up to 80% confluent.
THE EffECT Of CulTuRE CONdITIONS ON ApOpTOSIS Of A549 CEllS
Once the A549 cells were up to 80% confluent, they were grown in one of five different culture conditions: control (normal pCO 2 and neutral pH); hypercapnic acidosis; metabolic acidosis; hypocapnic alkalosis and metabolic alkalosis. These culture conditions were produced by replacing the existing DMEM culture medium (described above) with fresh medium that had been equilibrated with either normocapnic gas (20% O 2 , 5% CO 2 ), hypercapnic gas (20% O 2 , 10% CO 2 ) or hypocapnic gas (20% O 2 , 2.7% CO 2 ). In order to expose A549 cells to metabolic acidosis and alkalosis, the pH of the culture medium was adjusted using hydrochloric acid or sodium bicarbonate, respectively. Because osmolality is known to influence cell apoptosis, 8 the osmolality of the culture medium was standardized using sodium chloride. The A549 monolayers were maintained under normocapnic, hypercapnic or hypocapnic conditions for 4 h at 37 °C in a CO 2 incubator (Personal Series, Sanyo, Osaka, Japan). The pCO 2 , pH and osmolality for each culture condition are shown in Table 1 . Apoptosis and caspase activation in A549 cells were assessed using commercial kits as described below.
EffECT Of CulTuRE CONdITIONS ON HydROgEN pEROxIdE-INduCEd ApOpTOSIS Of A549 CEllS
A549 cells were cultured in one of five different culture conditions as described above ( Table 1) . Apoptosis of A549 cells was induced by the addition of H 2 O 2 (1.5 mmol/l; Sigma) to each culture condition followed by incubation for 4 h at 37 °C in the humidified multi-gas incubator (Sanyo). In a preliminary experiment, we confirmed that treatment with H 2 O 2 1.5 mmol/l for 4 h under standard normocapnic culture conditions induced a level of A549 cell apoptosis that was sufficient to serve as a positive control.
ASSESSMENT Of ApOpTOSIS ANd CASpASE ACTIvITy
After A549 cells had been incubated for 4 h in the appropriate culture medium with or without H 2 O 2 , apoptosis was assessed using a dye-uptake bioassay kit (APOPercentage Apoptosis Assay Kit ® ; Biocolor, Newtown Abbey, UK), and caspase activity was assessed using a cell-permeable inhibitor of caspase labelled with fluorescein isothiocyanate (CaspACE FITC-VAD-FMK in situ marker; Promega, Madison, Wisconsin, USA) according to the manufacturer's instructions. The incidence of apoptosis and activation of caspase in A549 cells was quantified using analytical digital photomicroscopy software (WinRoof ® ; Mitani, Tokyo, Japan) by one of the authors (T.A.).
STATISTICAl ANAlySIS
Data were expressed as mean ± SD (n = 6 wells of cells per culture condition) and were analysed for statistical significance by one-way analysis of variance followed by the Student-Newman-Keuls test for post hoc comparisons. A P-value < 0.05 was considered to be statistically significant.
Results
Acidosis or alkalosis did not induce either apoptosis or caspase activity in A549 cells (data not shown). In the presence of 
discussion
The calcium ion (Ca 2+ ) is one of the most versatile biological factors and regulates cellular functions, including apoptosis. 9 Although the precise mechanism underlying the hypocapnic alkalosis-induced potentiation of apoptosis of A549 cells remains to be elucidated, changes in the intracellular Ca 2+ level ([Ca 2+ ] i ) may explain this mechanism. H 2 O 2 increases [Ca 2+ ] i by stimulating the influx of extracellular Ca 2+ and the translocation of Ca 2+ from intracellular Ca 2+ stores. 10 H 2 O 2 has been shown to induce apoptosis partly through a caspase-dependent pathway (Fig. 5 ). Ca 2+ can trigger the subsequent caspase activation. 11 In osteocytes and myocytes, elevation of [Ca 2+ ] i has been shown to enhance H 2 O 2 -induced apoptosis. 12, 13 Because alkalization has been shown to increase [Ca 2+ ] i , 14 hypocapnic alkalosis may have enhanced H 2 O 2 -induced [Ca 2+ ] i elevation followed by caspase activation leading to apoptosis. In our study, we did not find a statistically significant enhancing effect of metabolic alkalosis on H 2 O 2 -induced apoptosis or caspase activation. This may be due to intracellular pH, which is thought to increase more slowly in metabolic alkalosis than in hypocapnic alkalosis because CO 2 equilibrates quickly across cell membranes. 15 The failure to detect a significant difference during exposure to metabolic alkalosis may also be due to an insufficient sample size (n = 6 in each group) in our experiments. ROS cause mitochondrial injury, 16 and an alkaline pH also impairs mitochondrial function, leading to programmed cell death. 17 Thus, hypocapnic alkalosis may have enhanced H 2 O 2 -induced apoptosis through mitochondrial dysfunction.
Critical care physicians have recently focused considerable attention on ventilatory management to prevent the development or aggravation of lung damage. Hypoventilation associated with hypercapnic acidosis may improve the outcome in acute lung injury. 18 Several animal studies have demonstrated that hypocapnic alkalosis accompanied by hyperventilation aggravates the acute lung 
Effects of CO 2 tension and pH on AEC-II apoptosis
injury induced by ischaemia-reperfusion, mechanical stretching or hyperoxia, 6, 19, 20 in which ROS are generated in large amounts. ROS-induced apoptosis of AEC-II cells contributes to the extensive destruction of the alveolar epithelial architecture during the development of acute lung injury. Thus, the increase in AEC-II cell apoptosis induced by hypocapnic alkalosis may be responsible for hyperventilation-induced deterioration during lung injury. In animal in vivo research, metabolic alkalosis seems to be less deleterious to the lung compared with respiratory alkalosis, 21 and our in vitro findings support these previous results. Our data suggest that disturbance of the acidbase balance per se does not induce AEC-II cell apoptosis in the uninjured healthy lung. In terms of AEC-II cell apoptosis, hypercapnic acidosis may be harmless to alveolar epithelium in the milieu of oxidative stress. The present study provides additional basic knowledge that should help in vivo studies designed to find the optimal ventilation strategy in acute lung injury. However, the clinical implications of our present study are outside the scope of this discussion.
The present study had several limitations. First, we used A549 cells, which are transformed AEC-II cells. The biochemical features of A549 cells are similar to those of normal AEC-II cells; for example, A549 cells can synthesize surfactant and produce chemical mediators, 22 and they undergo ROS-mediated apoptosis. 3 However, primary AEC-II cells isolated from rats have a high background level of apoptosis, so we may not be able to assume that hypocapnic alkalosis would have the same effect on AEC-II cell apoptosis. Secondly, the present study used a simple cell culture system that was unable to replicate the complex interactions involved in the regulation of apoptosis (for example, the interaction between different pulmonary cells in vivo), so we cannot extrapolate our in vitro data to the situation in the whole animal.
In conclusion, we have shown that hypocapnic alkalosis potentiates the H 2 O 2induced apoptosis and activation of caspase in A549 cells in vitro, although alkalization of the culture medium per se failed to induce apoptosis. Acidified culture conditions did not change the oxidative-induced apoptosis and caspase activation in A549 cells. However, the in vitro nature of our study means that we cannot speculate on the clinical implications of these findings.
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